We have identified two chromosomal genes of Escherichia coli K12 that are required for the expression of conjugative plasmid functions in the presence of normal plasmid DNA. Hfr cells with mutations in both of these genes are resistant to donor-specific bacteriophage and defective as conjugal donors. These characteristics can be attributed to the inability of mutant Hfr cells to elaborate F-pili, surface organelles required both for conjugal donor ability and for sensitivity to donor-specific bacteriophages. Mutant cels are also defective in surface exclusion, the property of donor cells to act as poor conjugal recipients. This defect can be attributed in part to a reduction in the amount of the F-plasmid traTgene product in the outer membrane of mutant cells; this protein is one of two plasmid gene products required for the full expression of surface exclusion. We have designated the chromosomal genes identified by these mutations as cpxA and cpxB; the mnemonic cpx signifying conjugative plasmid expression.
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Eschertchia coli strains carrying F-plasmid DNA or DNA of other conjugative plasmids exhibit various properties that distinguish them from strains lacking such DNA (1, 2) . Principal among these properties is the capacity to transfer DNA to recipient cells by conjugation. In addition, donor strains are themselves poor conjugal recipients, a phenomenon described as surface exclusion.
The expression and control of donor properties require Fplasmid genes located within or near the 30-kilobase tra region (1) (2) (3) (4) (5) (6) (7) . Strains carrying mutationally altered plasmids have been used to identify the genes in this region that are required for the formation of F-pili, filamentous organelles responsible for establishing cell-cell contact leading to DNA transfer, and those apparently required for DNA transfer itself (1, 2, 7) . In addition, two tra genes, traS and traT, are required for the full expression of surface exclusion (6) . Cellular components determined by chromosomal genes are also likely to be important in conjugative plasmid fuflction, because the expression of donor properties is strongly dependent on the physiological state of donor cells (8) (9) (10) . Chromosomal mutations have been reported to alter donor properties (11) (12) (13) (14) , but specific components required for the expression of plasmid tra genes or for the function of tra gene products have not been identified.
Mutations that abolish donor properties of cells carrying normal F-plasmid DNA must be chromosomal and can be used to identify chromosomal gene products necessary for the synthesis or function of tra proteins. In this communication we report a method to isolate such mutants and the phenotypic characterization of one class of them. These methods were essentially as described (21, 22) , except that the concentration of N-methyl-N'-nitro-N-nitrosoguanidine was 8 jg/ml. Under these conditions survival of the recA strain AE3087 (see Table 1 ) was about 1%.
MATERIALS
Electron Microscopy. Cells were grown to an optical density of 1 at 41'C or 34WC. RNA The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. NaDodSO4/Polyacrylamide Gel Electrophoresis. Purified outer membrane fractions at 1 mg of protein per ml were boiled for 5 min in a solution containing 62.5 mM Tris-HCl (pH 6.8), 5% (vol/vol) 2-mercaptoethanol, 2% (wt/vol) NaDodSO4, and 7.5% (vol/vol) glycerol. Samples containing 20 ,ug of protein were resolved by electrophoresis in the discontinuous buffer system of Laemmli (24) through a 3% acrylamide stacking gel and a 12.5% acrylamide resolving gel. After electrophoresis, gels were fixed and stained as described by Fairbanks et al. (25) .
Analytical Methods. Protein was determined as described by Lowry et al. (26) and NADH oxidase activity, as described by Osborn et al. (23) . The optical density of bacterial cultures was measured at 660 nm. mutant (Fig. 1) . The F-plasmid in KN401, present during mutagenesis of its parental strain, could be replaced with the cognate but unmutagenized plasmid without restoring sensitivity to Qf ( Fig. 1 A and B) ; conversely, the plasmid in the mutant appeared normal when transferred at the permissive temperature to a different genetic background (Fig. 1C) . A second, independently isolated mutant (KN312) had the same properties as KN401 (Table 1) .
A detailed genetic analysis of KN401 and KN312 will be published elsewhere. Each is the result of a revertible mutation in a gene that is 37% cotransducible with metB, near 87 min (30) or surface exclusion (28) . A quantitative expressiop of this phenomenon is the ratio of recombinants formed in a cross between a standard donor and an F-recipient to those formed in a cross between the same donor and an F+ or Hfr recipient (6, 31) . By At present two F-plasmid tra genes, traS and traT, have been identified as necessary for the full expression of surface exclusion (6, 31) . The proteins encoded by these two genes act independently of each other (6) and of gene products required for DNA donor activity (31) . We therefore expected that cpxA mutations would decrease the synthesis or function of at least one of these proteins. We chose to examine first the product of the traT gene, traTp. Most tra gene products appear to be localized in the cell envelope (32), but traTp is the only one present in sufficient quantity to be reliably detected by conventional staining methods in NaDodSO4/polyacrylamide gels (6). In the cell envelope from a strain carrying plasmid pRS31, which includes the EcoRI restriction fragment of F DNA that contains the traS and traT genes (6) , traTp is a prominent protein with a mobility corresponding to a molecular weight of 27,000. As expected, it is not present in the cell envelope from the same strain carrying the pSC101 cloning vector (Fig. 2) . As shown (Fig. 3) , traTp is also a relatively prominent component of purified outer membranes isolated from Hfr cpxA + cells. Outer membranes from isogenic F-cells contain a small amoupt of a protein with the same mobility as traTp, apparently a chromosomal gethe product ( Fig. 3 ; see also ref. 6 ).
Both the cpxAl (Fig. 3) and cpxA2 (not shown) mutations decreased the amount of traTp in purified outer membranes from Hfr cells. The decreases due to the cpxAl mutations were 1:3-1:4 in cells grown at 41°C or at 34°C (Fig. 4) . This result is in qualitative agreement with the data in Table 3 , but the effect of the cpxAl mutation on the amount of traTp in the outer membrane is less than its effect on surface exclusion itself, suggesting a nonlinear relationship between these two parameters. Achtman et al. (6) reported a variation in surface exclusion with plasmid composition and copy number that they correlated with the amount of traTp in the cell envelope. Their correlation was linear only in traS mutants. It is therefore possible that cpxA mutations also affect the expression of the traS gene or the function of the traS protein. Because traTp and traSp function independently of each other (6, 32) , an effect of the mutation on both proteins would lead to a nonlinear relationship between surface exclusion and either one of them.
DISCUSSION
This study describes the isolation and characterization of E. coli mutants that are unable to express F-plasmid functions in the presence of normal F-plasmid DNA. The phenotype of these mutants is similar to that of certain plasmid mutants, designated Tra-. However, the new mutations are located in chromosomal genes for which we suggest the mnemonic cpx (conjugative plasmid expression). The mutants we have described identify two cpx genes, cpxA and cpxB, located at 87 min and 41 min, respectively, on the current genetic map (33) of E. coli K12 (unpublished results).
Other reports have described chromosomal mutants with altered F-plasmid functions (11) (12) (13) (14) . However, none of these mutants was obtained by selecting for this phenotype and none of the genes identified appears identical to either cpxA or cpxB. Iyer et al. (13) and Palchoudhury and Iyer (12) reported that the dnaB43 mutation reduced F-pili formation and surface cxclusion independent of its effect on DNA replication and growth. More recently, Lerner and Zinder (14) identified another chromosomal mutation in a gene they called fex (f expression) that reduced conjugal donor activity. They mapped fex close to 0 min on the E. coli K12 genetic map. In addition to these two reports, L. Beutin and M. Achtman (36) identified two chromosomal genes, sfrA (sex factor regulation) and sfrB required for !' expression of F-plasmid functions. The fex and sfrA genes ar.u a gene we refer to as cpxC (unpublished results) appear to be identical. 3 . Effect of a cpxA mutation on the amount of traTp in the outer membrane. Outer membrane fractions were prepared and the proteins were resolved by gel electrophoresis. Lanes: 1, strain AE2000; 2, strain AE1010; 3, strain AE1018. Only the relevant portion of each gel is shown. The mobility of the band labeled traTp was identical to the mobility of traTp in Fig. 2 . The filled arrowhead shows another outer membrane protein affected by the cpxA mutation, as discussed further in the text.
Both DNA donor activity and surface exclusion are decreased in cpxA cpxB mutants. Each of these properties requires expression of a different set of plasmid structural genes located in the tra region of plasmid DNA. Each requires the presence of a distinct cell envelope component determined by the products of these genes: F-pili, required for DNA donor activity as well as for sensitivity to donor-specific bacteriophage, and traTp, required along with the traS gene product for the full expression of surface exclusion (6) . These components, and the corresponding donor cell properties, can be manifested independently of each other (6, 31) . Hence, the cpxA and cpxB mutations must affect more than one tra gene product.
The mutants we have described were selected for resistance to Q,3 and hence for defects in the formation of F-pili. As Fig. 3 ) by normalizing the peak intensity of the first band (lowest molecular weight protein) to 50. The normalization involves only slight adjustments (+10%) when samples to be compared are derived from cells grown at the same temperature. The areas under the traTp peaks, obtained from an integrator tracing, were used to estimate the effect of the cpxAl mutation on the traTp content of the outer membrane at each growth temperature (see text). For this estimate, the amount of material with the electrophoretic mobility of traTp in the outer membrane of F-cells was subtracted.
